Abstract-Selected radiation hardened photodiode layouts, manufactured in a deep submicron CMOS Image Sensor technology, are irradiated by 60 Co -rays up to 2.2 Mrad(SiO 2 ) and studied in order to identify the most efficient structures and the guidelines (recess distance, bias voltage) to follow to make them work efficiently in such technology. To do so, both photodiode arrays and active pixel sensors are used. After 2.2 Mrad(SiO 2 ), the studied sensors are fully functional and most of the radiation hardened photodiodes exhibit radiation induced dark current values more than one order of magnitude lower than the standard photodiode.
Generic Radiation Hardened Photodiode Layouts for
Deep Submicron CMOS Image Sensor Processes
I. INTRODUCTION

M
OST of the early developments of active pixel sensor (APS) technology, also called CMOS Image Sensor (CIS) technology, have been realized in the frame of space applications [1] . The ionizing radiation hardness of CMOS imagers soon became an important topic and the first radiation hardened pixel layouts were proposed in the late 90's [2] . Whereas transistor related issues can be mitigated by the use of classical hardening techniques [3] (i.e., Enclosed Layout Transistor (ELT) or P-channel transistors instead of N-channel transistors), photodiode radiation hardening has always been a major challenge, especially to reduce the ionizing radiation induced dark current increase. Hancock et al. first improved the photodiode radiation hardness of APS by using Enclosed Layout N photoDiode (ELD) in 1997 [2] in a 1.2 m process. In 2001 they proposed the surround gate (or gated), implant setback (or recessed field oxide) and silicide bounded N photodiode layouts [4] and tested them in a 0.5 m process. At that time, they pointed out the need to apply a negative bias on the surround gate to reach the accumulation regime and prevent the depletion region from reaching the field oxide. However, no data were given about the influence of gate bias on the dark current evolution. A few years later [5] , they evaluated the radiation hardness of the surround gate N photodiode in a standard Deep SubMicron (DSM) CMOS process (0.25 m) which used Shallow Trench Isolation (STI) instead of a LOCOS field oxide. They also tested with good results the use of a P guard ring to stop field oxide inversion induced leakage. In 2002, the idea of surrounding the N photodiode by a P implant (surround P diode) was introduced [6] but with no reported supporting data. Bogaerts et al. [7] achieved very good photodiode radiation hardness in 0.7, 0.5 and 0.35 m CMOS processes, but with the use of a surface P implant resulting from a custom process modification that is not available in standard CMOS processes. In the late 2000's, dark current increase improvements achieved by the use of N gated photodiodes (grounded in [8] , [9] but terminated by a P ring, and with no bias information in [10] ) were briefly reported in LOCOS based 0.35 m technology. At the same time, the radiation responses of gated, recessed field oxide and P surround photodiodes (with no recess distance) were studied [11] in a DSM (0.18 m) CMOS process dedicated to CIS (also called CIS process).
CIS are used in a growing number of applications requiring radiation hardness (space, scientific, medical, industrial and military applications). Nevertheless, despite the previously mentioned efforts, there is no clearly identified photodiode layout today, compatible with any DSM CMOS process (dedicated to CIS or not and with no additional custom step), that will lead for sure to an improved radiation hardness for a large Total Ionizing Dose (TID) range. Indeed, most of the work cited previously has been performed on LOCOS based technology, and most often on N diodes. Moreover, the best structure is not the same from one technology to another (and also from one work to another mainly because the tested structures are usually not the same) and these discrepancies are very rarely discussed. Worse, in the case of DSM CMOS technologies, there are several ways to implement all these structures, such as the distance between the STI, or the gate, and the junction or the choice of gate bias. To our knowledge, the effects of such parameters have not been studied before.
In this work we propose to study selected TID radiation hardened photodiode layouts, manufactured in a DSM CMOS image sensor technology, in order to identify the best structures and the guidelines to follow (recess distance, bias voltage) to make them work efficiently in such technology. To do so, and to improve our understanding of hardened photodiode behaviors, we use both photodiode arrays (i.e., isolated photodiodes connected in parallel) and APSs. The former are used to analyze in detail the behavior of each diode by performing I-V measurements whereas the latter provide statistical dark current characteristics and allow the evaluation of in-pixel gain variations. The selected TID range (up to a few Mrad(SiO ) covers space and medical applications but also many scientific (e.g., nuclear and particle physics) and industrial (e.g., nuclear power plant monitoring, electron microscopy, etc.) applications. Despite the fact this work focuses on TID effects only, it should be emphasized that displacement damage effects [12] can add to the TID degradation in several radiation environments (e.g., in space where particles such as protons induce displacement damage) generally leading to hot pixel generation.
II. RADIATION HARDENED DESIGNS
A. TID Effects in CIS: Starting Hypothesis
Previous studies on TID effects on 3T CIS manufactured using DMS CIS processes [11] , [13] - [15] have shown that the main TID induced degradation is an increase of the average level of dark current, whatever the considered particle (X-rays, Co -rays or protons 1 ). Based upon the circuit level analyses presented in [11] , [14] , it has been demonstrated that the photodiode was the dominant contributor to this TID induced average dark current increase. The corresponding model for the effects of photodiode dark current is shown in Fig. 2 . The current source representing dark current acts to discharge the photodiode capacitance (leading to a reduction of the sensor dynamic range). The remaining part of the circuit exhibits little degradation up to 500 krad(SiO ) (although there is variation of the maximum output voltage swing and the gain) that can easily be mitigated by using ELTs in the pixel [3] , [14] . The first step to improve the radiation hardness of CIS against TID is therefore to mitigate the TID induced dark current increase of the photodiode.
The photodiode junction perimeter has been clearly identified as the main source of ionizing radiation induced dark current increase in conventional CIS photodiodes [2] , [4] , [5] , [11] . The role of trapped charge density and interface state density in this degradation has been recently discriminated [15] and can be summarized by the following equation when the dominant mechanism is the Shockley-Read-Hall (SRH) Recombination-Generation (R-G) mechanism (i.e., for magnitudes of electric field lower than a few V/cm):
with the depletion width at the oxide interface and a proportionality factor weakly dependent on temperature in comparison to the exponential factor. This radiation induced dark current increase is directly proportional to the number of active interface states, acting as SRH R-G centers, in the photodiode depletion region. Hence, CIS dark current rises with the radiation induced interface state density increase, . In addition to this phenomenon, radiation induced trapped charge density increases, , can enhance the degradation by extending the depletion width at the STI interface, , as illustrated in Fig. 1 . This results in a larger number of active interface states in the photodiode depletion region.
B. TID Hardened Design Selection
With this degradation process in mind, two effects have to be mitigated: the interface state density increase in the depletion region and the trapped charge induced depletion region extension. The interface state density increase can possibly be reduced by changing the oxide located on the photodiode perimeter. Gate oxides are supposed to exhibit a much lower than the STI oxides, and the silicon/oxide interface located below the PreMetal Dielectric (PMD) oxide layer (most likely an HPCVD silicide block oxide layer) appears to induce less with TID than the STI oxide [15] . Therefore, in all the selected radiation hardened structures the STI has been recessed away from the photodiode junction (as shown in Fig. 3 ). Standard CMOS manufacturing processes offer more efficient ways to deal with the depletion region extension at the oxide interface by controlling the surface potential: surface shallow implants and polysilicon gate. According to these possibilities, three types of radiation hardened photodiode layout have been selected: Recessed STI (RSTI), Surround P+ implant (SP+) and Gated photodiodes. In contrast to most of the radiation hardened gated photodiodes studied previously (N photodiode with the polysilicon gate self-aligned to the N implant), the STI, the polysilicon gate and the surface P implants are not self-aligned to the photodiode sensor N in CIS processes. Therefore several distances have been drawn between the as-drawn photodiode layer and the as-drawn STI (or gate or P implant) layer. Minimum recess distances have been used in previous work [11] , [14] and lead to poor results due to high electric field effects. RSTI photodiodes (Fig. 3(b) ) are expected to lead to improved Fig. 3(d) , (e) and (f)) photodiodes are supposed to prevent the surface depletion width extension. In the Gated photodiode set of structures, two self-aligned versions are drawn: the Gated-N ( Fig. 3(e) ) and the Enclosed Layout Diode (ELD) ( Fig. 3(f) ). In both cases the sensor N is extended by an N implant which is self-aligned to the polysilicon gate. In the case of the ELD, the gate itself is surrounded by another N shallow implant as in an ELT. The studied structures are summarized in Table I . It should be emphasized that P guard rings are not used to prevent field oxide inversion, since the proposed structures (except the RSTI ones) are supposed to prevent the inversion layer from reaching the field oxide.
III. EXPERIMENTAL DETAILS
Two APSs, constituted by 128 128 10-m-pitch 3T-pixels, have been designed and manufactured using a commercial 0.18 m CMOS process dedicated to imaging applications. The active pixel arrays are divided into 32 32 pixel areas which only differ by their photodiode layout (summarized in Table I ). Conversion factors (CVF) were determined using the classical Mean-Variance method [16] . Pre-irradiation CVFs are around 16 V e for STD photodiodes, 9 V e for Gated N and ELD photodiodes and 12 V e for all the other pixels. The CVF is related to the collection node capacitance through: (2) where is the elementary charge, the gain of the readout chain from the in-pixel source follower to the output PMOS stage (further description of the readout chain can be found in [14] ) and . The parameter is the photodiode capacitance (mainly due to the depletion volume around the junction), and is the parasitic collection node capacitance without the photodiode capacitance (mainly the addition of the source follower MOSFET gate capacitance, the reset MOSFET source capacitance and the interconnection capacitance). Since all the pixels have the same readout chain (including the same in-pixel transistor designs), it is important to notice that the only parameter that can vary from one design to another is the photodiode capacitance. Therefore, it can be seen that recessing the oxide increases the photodiode capacitance. This is due to the sidewall junction height which is greater when the STI is recessed. In this case the sidewall capacitance is significantly increased leading to the observed effect. In addition to this effect, the Gated N and ELD pixels exhibit an even lower CVF due to the additional capacitance brought by the N /P junction. If necessary for the application, this change of capacitance between the standard photodiodes and the radiation hardened ones can be compensated by slightly changing the dimension of the diodes (e.g., reducing the dimensions of the radiation hardened photodiodes would compensate the loss of CVF at the cost of a possible lower collection efficiency but with a possible improved geometric modulation transfer function). However, depending on the application, a drop of CVF can be an advantage since it is correlated to a full well increase (the larger the capacitance, the larger the full well in charge). Another consequence of this increase of capacitance is the increase of input referred reset noise. Indeed, the input referred reset noise in 3T-APS is usually expressed (in electrons): (3) with the Boltzmann constant, the temperature and a factor varying between 1 and 2 as discussed in [17] . Such reset noise rise leads to a reduction of the signal to noise ratio if this noise is the limiting noise and if the signal is not increased accordingly to the full well extension.
As regards the MOSFETs, the three in-pixel NMOSFETs have been designed using an enclosed layout (as can be seen on the layout presented in Fig. 4(a) ) whereas the remaining part of the sensor is unhardened. The pixel layout has not been optimized for high performance but to allow the direct comparison of the studied photodiode layouts by keeping exactly the same junction perimeter regardless of which layout variation is used. That is the reason why the STD photodiode is so small and why the fill factor is low in Fig. 4(a) . All these photodiode layouts have also been placed outside the active pixel sensor for direct I-V measurements. For each photodiode layout of Table I , 300 photodiodes were connected in parallel in a metallic array to allow direct dark current measurements. All the I-V results presented in this paper on the photodiode arrays are divided by 300 to retrieve the dark current of a single photodiode. All the studied in-pixel and isolated photodiodes (even the radiation hardened layouts) are based on a CIS N doping profile and have the same junction dimensions (2 5 m), as illustrated in Fig. 4 .
All the measurements presented have been performed at 22 C except activation energy measurements that were performed between C and 22 C. Since the dark current in such conventional diode is proportional to the photodiode perimeter (as discussed previously), the given dark current values can be extrapolated to any design simply by multiplying the presented value by the ratio of the targeted photodiode perimeter by the photodiode perimeter used here (14 m).
In order to study TID effects only (and not displacement damage effects) a Co -ray source has been chosen since it induces a high charge yield [18] leading to the worst case degradation. Room temperature Co irradiations took place at UCL, Belgium, at a dose rate close to 1 krad(SiO )/h and up to a TID of 2.2 Mrad(SiO ). Two irradiation conditions have been used: biased and grounded. For the APS, biased means that the devices were operated with dynamic bias, using a regular rolling shutter operation, to ensure regular photodiode resets and realistic biasing conditions for the APS transistors. A 2 V bias was applied to the isolated photodiode cathodes to represent the in-pixel photodiode voltage after reset. The gates were biased in accumulation ( V).
IV. PRE-IRRADIATION RESULTS
Before comparing the unirradiated photodiode behaviors, an optimal bias voltage must be chosen for the gate of the Gated photodiodes. Fig. 5 presents the gated diode measurements [19] performed on selected structures. The chosen diode voltage V corresponds to the estimated in-pixel Gated photodiode voltage after reset. The accumulation, depletion, and inversion regimes can be clearly recognized. In depletion mode, the leakage currents are very high since the depletion region extends below the gate until reaching the STI. In inversion mode, only the interface states below the gate are screened by the inversion channel but the STI interface states generate additional dark current. As mentioned in [4] , accumulation appears to be the best regime to select since the depletion region does not extend below the gate in this case. Nevertheless, placing the gated diodes too far in the accumulation regime leads to so called Gate Induced Drain Leakages (GIDL) [20] . This GIDL is due to the overlapping of the gate with the N region. That is the reason why placing the gate away from the junction (as in the Gated 0.3 and Gated 0.5 photodiodes) mitigates the GIDL effect. The Gated N and ELD photodiodes exhibit a very large GIDL in accumulation because, as in a standard transistor channel, the N diffusion extends below the gate. Based on these characteristics, V was chosen as the optimal gate voltage used during measurements 2 Fig . 6 presents the I-V characteristics of most of the studied photodiodes before irradiation. The exponential behavior that can be seen on some I-V characteristics (e.g., SP 0.2, SP 0.3, ELD structures) indicates the presence of high electric fields [21] . Such electric field magnitudes can lead to enhanced leakage current through the Poole-Frenkel (PF) and the Trap Assisted Tunneling (TAT) effects [22] . The influence of PF and TAT mechanisms on dark current temperature dependence can be summarized by a decrease of apparent activation energy [21] : (4) Hence, if the apparent activation energy is significantly lower than , it indicates that PF and TAT are the dominant dark current generation processes.
Another leakage current mechanism can occur in heavily doped junctions: Band-to-Band Tunneling (BBT) [23] . SP I-V characteristics with the smallest recess distance (SP 0.1 and SP 0.2) appeared clearly dominated by an intense tunneling effect (as illustrated by the I-V characteristics of the SP 0.2 diode in Fig. 6 ), most likely BBT (the reverse leakage current at 1.8 V was about 100 nA for SP 0.1 and about 100 pA for SP 0.2), and will not be studied further. BBT is not supposed to play a role in the other structures where the doping density at the junction is much lower.
As mentioned previously, the in-pixel photodiode operating voltage in the dark, after reset is around 1.8-2 V in this circuit. One can see in Fig. 6 that at this reverse bias, all the proposed structures exhibit a larger dark current than the standard photodiode. This is often the case in radiation hardened structures [4] , [5] , [11] . For several photodiodes (SP 0.3, ELD and Gated N , which is not shown in Fig. 6 but exhibited the same behavior as the ELD photodiode) this can be attributed to electric field magnitude dependent effects (PF or TAT) due to either the gate overlap (TAT GIDL [20] ) in the case of gated diodes or to the high doping density in the case of SP photodiodes. For the other structures, the increase does not look exponential up to the operating voltage ( V), and it is most likely due to the depletion width extension with reverse voltage, as in the standard photodiode. Thus, the discrepancies between these structures and the standard photodiode are most likely due to a higher interface state density at the PMD/Si interface than at the STI/Si interface before irradiation. However, electric field enhancement seems to occur in almost all the radiation hardened structure for voltages above 2 V.
The photodiode sensitivity to visible light is evaluated using External Quantum Efficiency (EQE) measurements, as shown in Fig. 7 . Such characterization consists of determining for an APS, the number of electrons collected for an incoming number of photons per pixel for several wavelengths. No dramatic sensitivity drop is observed on the radiation hardened devices, except for the ELD diode in the case where the "drain" is biased. Indeed, in this case, the ELD "drain" is able to collect photo-generated electrons, and thus reduces the number of photo-electrons collected by the main photodiode. When the ELD drain is floating, the drain does not collect photo-generated charges, and the ELD photodiode EQE becomes similar to the other gated photodiode EQEs. The drain bias condition is not given for the dark current measurements, since in accumulation mode, the drain bias has no effect on the photodiode leakage (it was confirmed experimentally). It is also observed that the short wavelength sensitivity is reduced in the case of the gated photodiode (due to the poor transmission coefficient of the polysilicon gate) whereas it appears to be enhanced in RSTI and SP photodiodes. In these latter structures, photo-electrons generated at the surface (in the N region) have less distance to diffuse before being collected by the surface depleted region, which most likely explains the sensitivity enhancement at short wavelengths.
V. POST IRRADIATION RESULTS
A. Functionality
Before discussing the dark current results, the sensor functionality and its performances must be verified for the selected TID range. Fig. 8 presents the images taken by one of the sensors after irradiation. The image taken before irradiation is not shown since no change was observed up to 100 krad(SiO ) (Fig. 8(a) ). The two middle-top white zones are the SP 0.1 and SP 0.2 regions which exhibit extremely high leakage currents (resulting in saturated images).
It should be emphasized that the 1951 USAF resolution test chart can be well recognized, even after 2 Mrad(SiO ). Hence, the image sensor readout chain and digital circuits (mainly command and addressing circuits) are still fully functional after this TID despite the fact that no precaution has been taken to make them radiation tolerant. Fig. 9 shows the evolution of the CVF with TID for representative photodiodes. STD and RSTI 0.5 pixel CVFs clearly drop after 1 Mrad(SiO ) when biased (operated) during irradiation. The effect is weaker when the devices are not biased during irradiation. Regarding the other pixels, no change in CVF can be seen (same results for the pixels not shown in this figure). The dark current results presented hereafter take into account this gain degradation. The possible origin of this degradation is discussed in Section VI.A.
B. Dark Current Evolution With TID
Irradiated sensor and isolated dark current evolutions with TID are presented in Figs. 10 and 11 for devices biased (or operated) during irradiation. The dark current values measured on the APS and isolated photodiodes grounded during irradiation were very close (30% standard deviation between the biased and grounded devices) to the values of Figs. 10 and 11 except for the RSTI diodes. This latter discrepancy is discussed in Section VI.A. The relatively small effect of biasing during irradiation on photodiode dark current increase can be explained by the pretty weak change of electric field magnitude in the STI between the grounded and biased conditions in comparison to the changes observed in a classical MOSFET gate oxide.
Most of the photodiodes appear to behave the same in the sensor pixel array and in the isolated test structure with comparable measured dark current values, despite the different mea- surement techniques. This good agreement between the APS and the isolated photodiodes shows that isolated photodiodes are well representative of the in-pixel photodiode behavior. It also shows that the in-pixel dark current evolution is only due to the photodiode (as concluded in [11] ) and neither to the surrounding transistors nor to the readout chain.
After the first irradiation step (3 krad(SiO )) the standard photodiode dark current has increased more than most of the selected radiation hardened photodiodes. The improvement factor of the best structures ranges from 2 to more than 40 as compared to the standard photodiode over the entire TID range. The best structures are the ones that exhibited the weaker dependence on bias voltage before irradiation. These structures are also the ones with the largest recess distance (RSTI 1.0, RSTI 2.0, Gated 0.5, SP 0.5). In contrast, the worst responses (at least up to 1 Mrad(SiO )) are obtained with the smallest (SP 0.3, ELD, Gated N and Gated 0.1) and it is most likely due to electric field related effects (PF and TAT) accordingly to the pre-irradiation results. There is one exception to this overall trend: a sudden change of behavior can be seen on the APS RSTI 0.5 plot: after 100 krad(SiO ), RSTI 0.5 dark current rises quickly until almost reaching the standard photodiode dark current value whereas there is no obvious sign of electric field enhancement in their I-V characteristics and activation energies (Fig. 12) . The same effect can be observed on all the RSTI isolated photodiodes but not on the RSTI 1.0 and 2.0 embedded in the sensor pixel array. This effect is discussed more in detail in Section VI.A.
The previous assumptions about the role of electric field in the observed degradation can be validated by extracting the dark current activation energy (i.e., by extracting the exponential factor of the dark current temperature dependence). Fig. 12 summarizes the extracted dark current activation energies. Before irradiation, a number of pixels exhibit a dark current activation energy above the expected value for mid-gap centers ( eV). This suggests the dominance of non-mid-gap centers before irradiation 3 . After exposure to -rays, the activation energy of almost all the photodiodes aligns well on the expected eV for mid-gap center dominated SRH current (see (1)). The only exceptions are the photodiodes suspected to be dominated by electric field dependent process (Gated N , ELD, SP 0.3, Gated 0.1). These devices clearly exhibit dark current activation energies much lower than the expected value for mid-gap centers, validating the PF or TAT hypothesis accordingly to (4). Fig. 13 shows APS dark current distributions of selected number of pixels after 100 krad(SiO ). Despite the fact that most of the studied structures have not been manufactured with self-aligned implantations, all the distributions look depletion region, the generation rate is proportional to [24] n =(2 coshfjE 0 E j=kT g). When the trap energy level E is more than a few kT away from E , the generation rate becomes proportional to n 2 expfjE 0 E j=kT g leading to an apparent activation energy around jE 0 E j + E =2 > E =2 whereas mid-gap centers will exhibit a generation rate activation energy closer to E =2. pretty uniform (i.e., almost Gaussian-shaped). It is interesting to notice that the photodiode structures with no electric field effect exhibit a Gaussian-shaped distribution, with no hot pixel, whereas the structures where high electric fields exist have a more pronounced hot pixel distribution tail. As regards the RSTI 0.5 photodiodes, it can clearly be seen that the whole pixel population has shifted uniformly toward the standard photodiode population but with no clear sign of electric field enhancement. Finally, after 2.2 Mrad(SiO ), one can see in the I-V characteristics (Fig. 14) that the best structures (SP 0.5 and Gated 0.5) exhibit a small increase with reverse voltage as expected for an SRH dominated reverse current. The STD and RSTI isolated photodiodes behave the same but with a weaker rise than the SP 0.5 and Gated 0.5 above 1 V. It suggests that increasing the voltage beyond 1 V does not induce an increase in the number of R-G centers in the depleted region. As regards the SP 0.2, SP 0.3, ELD, Gated N and Gated 0.1, a very clear exponential dependence on reverse voltage can be seen, indicating that these diode dark currents are still dominated by electric field dependent processes after the highest TID exposure levels (as confirmed in Fig. 12 ).
It should also be mentioned that no shift in the optimal accumulation voltage was seen in the gated diode characteristics after irradiation, indicating no significant charge trapping in the gate oxide.
VI. DISCUSSIONS
A. Depletion Width Extension
As mentioned previously, some RSTI photodiodes exhibit a sudden change in dark current increase with TID and others do not. Fig. 15 summarizes the observed behavior in APS and isolated photodiodes for the two biasing conditions during irradiation (grounded and biased). A sudden rise of dark current can be seen in most of the RSTI photodiode plots but it appears at a higher TID: 1) when the device is not biased, 2) in the isolated photodiodes when compared to the APS pixels and 3) when the recess distance is larger. These observations strongly suggest a depletion width extension due to the trapped charge density increase as concluded in [15] and as illustrated in Fig. 1(b) . In the case of the RSTI 0.5 photodiodes, in the 100 krad(SiO )-300 krad(SiO ) TID range, becomes large enough to reach the STI inducing a sudden rise of dark current (due to an instantaneous increase of the number of R-G centers in the depletion region). After 2 Mrad(SiO ) (Fig. 14) , there is almost no more noticeable increase with reverse voltage above 1 V in STD and RSTI characteristics because the STI (and PMD oxide for the RSTI diodes) is fully depleted. In this case, a further increase in the reverse voltage does not lead to a depletion width extension at the oxide interface, thus the dark current stays constant in this voltage range.
The phenomenon is delayed when the recess distance is greater (RSTI 1.0 and RSTI 2.0) since the distance to deplete is larger. It seems also delayed when the device is not biased during irradiation, this effect mainly related to might be more dependent on electric field than the main cause of dark current increase . The depletion width extension with TID cannot be seen in the other structures since the surface potential is controlled by a gate or by a surround P implant.
The discrepancies between the RSTI photodiodes integrated in sensor pixels and the isolated ones are not understood. It cannot be attributed to the differences between the dynamic bias used in the operated APS during irradiation and the static bias used for isolated photodiode since the same differences were observed in devices grounded during irradiation. Since the photodiode layout is the same, it might be due to the in-pixel photodiode environment. Indeed, in the pixel, the photodiode is surrounded in two directions by the three in-pixel transistors as shown in Fig. 4 . Another difference is the fact that the in-pixel photodiode is connected in parallel to the source of the in-pixel reset MOSFET. Whatever the reasons for these discrepancies, the in-pixel RSTI 1.0 and RSTI 2.0 photodiodes are expected to suffer from the same oxide full depletion effect for TID levels above 2.2 Mrad(SiO ).
It is also interesting to notice that this dark current rise in the APS is correlated with the CVF reduction shown in Fig. 9 , at least in the device biased during irradiation. The readout chain electrical transfer function cannot be the cause of this drop since the other pixels, with the same readout chain, do not exhibit this degradation. It can then be inferred that the CVF drop comes from the photodiode itself, and that it is due to a change of capacitance related to the depletion of the isolation oxide. One possibility is that after the isolation oxide interface have been depleted, higher TID leads to weak then strong inversion as illustrated in Fig. 16 . Hence, adjacent photodiodes become connected by this inversion channel. In this case, the total photodiode capacitance of one pixel would be the sum of the photodiode junction capacitance , the channel inversion capacitance and possibly the adjacent photodiodes and so on. For a quantitative evaluation, the channel resistance would have to be taken into account to carefully determine the resulting capacitance. However, such evaluation would require a three dimensional analysis, taking into account the pixel layout, the quantity of charge in the STI and the interaction with in-pixel transistors depletion regions. To validate this hypothesis would also require performing direct capacitance measurements and additional sensitivity measurements. Such analysis goes beyond the scope of this study. However, without a quantitative evaluation, it can at least be said that such possible field inversion would most likely result in a capacitance increase and thus, to a CVF decrease. More complex mechanisms would also appear with significant current flowing from one pixel to another leading to a strong electrical cross-talk. This effect might contribute to the loss of contrast observed in the standard photodiode and RTSI 0.5 areas of Fig. 8 . As mentioned previously, all these hypothetical effects are mitigated in the radiation hardened structures surrounded by a gate or a surround P implant.
B. Conclusions on Radiation Hardness
The main results from a radiation hardness point of view are: 1) no noticeable degradation of the digital circuit and the readout chain have been observed despite the fact that no radiation tolerant layout has been used except in the pixel; 2) the best structures at TID below 100 krad(SiO ) are the RSTI, SP 0.5 and the Gated 0.5; 3) above 100 krad(SiO ), a structure with surface potential control is necessary to mitigate the large dark current increase and CVF drop of STD diodes and the SP 0.5 and Gated 0.5 photodiodes appear to be the best candidates.
Therefore, for TID levels up to about 2 Mrad(SiO ), the use of radiation hardening by design techniques is only necessary in the pixel. P rings are not necessary in surface potential controlled devices (SP and Gated) but may be efficient above 100 krad(SiO ) to mitigate the CVF drop and to reduce slightly the dark current increase of STD and RSTI photodiodes. Taking into account fill factor constraints and the fact that a polysilicon gate reduces the sensitivity at short wavelengths (e.g., see Fig. 7 ), the best structure for applications below 30 krad(SiO ) appears to be the RSTI photodiode with a 0.5 m recess distance (shorter recess distances lead to bad results in this range [14] ). From 100 krad(SiO ) and above, the SP structures with a 0.5 m recess distance appears to be the best choice. This latter structure also leads to good performance below 100 krad(SiO ) but with a reduced fill factor compared to the RSTI 0.5.
To go beyond 2.2 Mrad(SiO ), ELT might be necessary in the whole sensor to insure the functionality. It is also interesting to notice in Fig. 14 that if the sensor readout chain is adapted to allow a shift of photodiode reset supply voltage from 2 V to 1 V, a further one order of magnitude reduction in dark current could be achieved by using the Gated structures where the dark current is dominated by electric field dependent process (Gated N and ELD). However, the following limitations must be taken into account. Reducing the photodiode reset supply voltage without changing the readout chain would reduce the maximum output voltage swing and operating the photodiode below zero volt would reduce the collection efficiency and inhibit the integration. A part of the voltage swing reduction could be compensated by, for example, using P-channel MOSFETs in the pixel. But in this case the N well area would reduce the quantum efficiency by competing with the main photodiode for photo-carrier collection. Another possibility would be to use negative voltages which may not be acceptable in some applications.
VII. SUMMARY
Several radiation hardened by design photodiodes have been designed, integrated in a CMOS image sensor, manufactured, irradiated and characterized. It appears that the tested sensors are fully functional after a TID of 2.2 Mrad(SiO ) without any use of radiation tolerant layout outside the pixel. As regards the photodiode, most of the tested radiation hardened layouts lead to a reduction of radiation induced dark current increase by more than one order of magnitude. In most of the studied structures, the largest recess distances led to the lowest dark currents by reducing the electric field enhancement effects. The best structure over the full TID range appears to be the surround P photodiode with a recess distance of 0.5 m. The large increase observed in the standard photodiode and associated with a conversion factor reduction was not seen in the best radiation hardened by design photodiodes tested, and seems to be due to the full depletion (or even the inversion) of the isolation oxides. This work demonstrates several tested solutions and parameters to use (recess distance, gate voltage) to insure a good radiation hardness of photodiodes for 3T-pixel based APS devices manufactured in DSM CMOS image sensor processes.
